The coordination of multiple external representations is important for learning, but yet a difficult task for students, requiring instructional support. The subject in this study covers a typical relation in physics between abstract mathematical equations (definitions of divergence and curl) and a visual representation (vector field plot). To support the connection across both representations, two instructions with written explanations, equations, and visual representations (differing only in the presence of visual cues) were designed and their impact on students' performance was tested. We captured students' eye movements while they processed the written instruction and solved subsequent coordination tasks. The results show that students instructed with visual cues (VC students) performed better, responded with higher confidence, experienced less mental effort, and rated the instructional quality better than students instructed without cues. Advanced eye-tracking data analysis methods reveal that cognitive integration processes appear in both groups at the same point in time but they are significantly more pronounced for VC students, reflecting a greater attempt to construct a coherent mental representation during the learning process. Furthermore, visual cues increase the fixation count and total fixation duration on relevant information. During problem solving, the saccadic eye movement pattern of VC students is similar to experts in this domain. The outcomes imply that visual cues can be beneficial in coordination tasks, even for students with high domain knowledge. The study strongly confirms an important multimedia design principle in instruction, that is, that highlighting conceptually relevant information shifts attention to relevant information and thus promotes learning and problem solving. Even more, visual cues can positively influence students' perception of course materials.
I. INTRODUCTION
Visual representations have the potential to substantially promote the learning of abstract concepts [1] . However, students must learn about the representations before they can be used for learning or problem solving. This interdependence is known as the representational dilemma [2] . One example which has recently been studied in this context consists of the visual interpretation of twodimensional vector field plots with respect to divergence or curl [3] [4] [5] [6] . Vector fields are mathematical structures that assign a vector to every point in space. They are important in many branches of physics, and oftentimes, they are expressed as vector field plots (see Fig. 1 ). Learning how divergence or curl relate to this representation contributes to students conceptual understanding about divergence itself, but also about important laws and theorems that involve divergence, e.g., Maxwell's theorems or the laws of Gauss and Stokes. In a more general form, the ability to relate mathematical concepts to various representations contributes to representational competence, that is, being able to use multiple representations for understanding [7] . Learning processes with respect to multiple representations have also been described by Ainsworth [8] , who argues that multiple representations can contribute to knowledge enhancement: the understanding that students gain by using multiple representations is deeper, more robust, and more flexible than if students use single representation, and research evidence during the past years supports this claim. However, the representational dilemma calls for learning about the representations first, before students can exploit their advantages [2] .
For example, making connections between the mathematical definitions of divergence and curl and a vector field plot is a challenging task, even for graduate students [3] , hence the acquisition of this skill requires instructional support. Instructions about how multiple representations refer to each other and what features contain conceptual information makes it possible for learners to use them for learning and problem solving [2] . The particular subject discussed here focuses on the development of visual understanding concerning the divergence operator in (Cartesian) differential form, i.e.,
where ⃗ F ¼ ðF x ; F y ; 0Þ, ⃗ r ¼ ðx; y; zÞ, and ⃗ ∇ represents the nabla (del) operator. By definition, the divergence of a vector field can be evaluated qualitatively (zero or nonzero) by interpreting the partial vector derivatives [9] . The coordination between Eq. (1) and the graphical vector field plot requires inspection of the change of both field components in the x and y directions, respectively (Fig. 1) . Prior research has shown that students' performance regarding this problem was only marginal above the chance of guessing correct-even after explicit instruction [6] . Students mainly struggled with the correct interpretation of partial vector derivatives [6, 10] . Based on previous work [6] , we created an instruction with visual cues that emphasize important conceptual features in the vector field diagram which are crucial to connect Eq. (1) to the field plot. The visual cues were designed to trigger the coordination between text, equation, and the graphical representation. The aim of the current study is to identify how the presence of visual cues influenced students' instruction processing and understanding, using eyetracking methodology and traditional assessment.
While using very explicit instructions, it might be possible that students will perform well by following the steps provided but lack improving a conceptual understanding of the algebraic equation and the field plot. Therefore, we established a transfer problem that should be solved without instruction, that is, application of the curl operator,
to two-dimensional vector field plots (F z ¼ 0) in a similar manner as judging the divergence. Equation (2) was given to students.
A. Theoretical background
The coordination of information provided in multiple representations with prior knowledge is described by the cognitive theory of multimedia learning (CTML) [11] . CTML identifies three distinct processes (selection, organization, and integration) involved in learning from multiple representations, that can all be facilitated by highlighting relevant information with visual cues [12, 13] . Furthermore, several eye-tracking measures have been described in the literature indicating the presence and strength of the abovementioned processes [14] . First, selection can be described as the process of accessing pieces of sensory information from each representation. By highlighting relevant information in a visual representation, such as the vector decomposition, it is easier for the learner to attend to that information. Enhanced selection processes are indicated by a shorter time to first fixate on the relevant information. Second, organization describes structuring the selected information to build a coherent internal representation, involving, for example, comparisons and classifications. Highlighting relevant information emphasizes the structural relations and the identification of links between different representations. In our example, the x and y directions are highlighted with framing boxes, thus they can easily be related to the partial derivatives of the algebraic equation. Deeper knowledge organization is characterized by longer visit duration and a higher number of fixations. Last, integration can be considered as combining internal representations with activated prior knowledge (long-term memory). In particular, learners need to integrate elements Fð⃗ rÞ with constant divergence. Students were asked whether divergence was zero or nonzero. Right: Visual cues highlighting the vector field decomposition and framing one row or column for evaluating ∂=∂x and ∂=∂y. For instance, the divergence can be estimated by judging the change of the black arrows in the black box and the red arrows in the red box, cf. Eq. (1). The fields are constructed to have constant zero or nonzero divergence everywhere. within a single representation or across multiple representations, for example, coordinating graphical representations and equations with text to create a mental model to solve a problem. Integration processes are quantified by transitions between relevant elements [15, 16] .
In the present example we used colored elements to refer to corresponding parts in the equation and the field plot. Taken together, visual cues can help the learner attend to and notice conceptual relevant information in the problem which they may not have considered otherwise. As Madsen et al. point out, "providing visual cues by no means guarantees that the learner will reach a correct solution and understanding of the problem" [13] . However, visual cues might activate prior knowledge from long-term memory for problem solving and they could at least facilitate learning by favoring deeper engagement with the instructional strategy and helping the learner avoid superficial reading over it.
B. Research questions
The main research question of this study was "What are the differences between students instructed with visual cues and students instructed without visual cues in interpreting the divergence and curl of vector field plots?". More specifically, the aim of this study was to evaluate the effects on (a) problem-solving scores (interpretation of divergence), (b) transfer scores (interpretation of curl), (c) confidence scores, (d) perceived task difficulty (mental stress) and perceived quality of instruction, and what information can eye-tracking data reveal about (e) processing of the instruction in terms of visual aspects (e.g., visit durations on different parts), (f) problem-solving strategies.
Based on the theoretical framework above, we hypothesize that problem-solving abilities will be improved by the cues shown in Fig. 1 since they make implicit causal relations or implicit functional relations more explicit. So we expect that instructions are more successful with visual cues than without. In other words, students instructed with visual cues (VC students) will perform better in subsequent problem-solving tasks than students instructed with no cues (NC students). In addition to students' response correctness, we also assess their response confidence level and other measures to evaluate the effectiveness of the visual cues. Confidence refers to one's belief in one's own ability [17] and a positive correlation between confidence and performance has been reported in several studies [17] [18] [19] [20] .
II. METHODS

A. Participants
A total of 32 (26 male) major physics students from the Technische Universität Kaiserslautern (TUK) with ages ranging from 18-27 (mean 20.6 years) took part in the experiment. All of them attended an introductory electromagnetism course (total enrollment: 51) and had successfully completed two mechanics courses before (calculus-based mechanics and experimental physics). The lectures have introduced the concepts of divergence and curl traditionally without emphasizing visual interpretation. Participation was voluntary, took about 30 min, and was compensated with 10 EUR. All students had normal or correct-to-normal vision.
B. Study design and procedure
The experimental design is shown in Fig. 2 . The students first completed a pretest, including conceptual questions about divergence and curl, questions about vector decomposition, and a standardized test for spatial abilities [21] . Before the experiment started, the students were asked to judge the divergence and curl of a vector field plot (VF 0 ), presented on a computer screen. The answer to the initial question contained information about students' performance and eye movements before any instruction. Then the students were randomly assigned to the NC condition (N ¼ 16) or VC condition (N ¼ 16). In period 1, each group of subjects was given the same instruction about the interpretation of divergence either with (VC) or without (NC) visual cues, as shown in Fig. 1 . The students then applied the strategy to 8 vector field plots which were presented one after another. They were not allowed to take notes or use any aids. Whenever a student was ready to give an answer, they pressed a button and gave their answer (divergence is zero or nonzero) and rated their response confidence on a scale. The students were unable to skip back to the instruction page or the previous questions. After completing period 1, questions about the perceived difficulty of the learning materials (mental stress) and about the quality of the instruction were posed.
In period 2, the students were presented the definition of the curl operator and they were told to transfer the visual strategy to the curl equation. The same 8 vector field plots were used again in the same sequence as before. There were no time limitations and the students did not receive any feedback at any point during the experiment. The experimental procedure consisted of 7 elements which are summarized in Table I .
C. Materials and measures
All study material is included as Supplemental Material [22] . During the study, several behavioral measures were taken which are summarized in Table I . The reliability of all behavioral measures was at least acceptable (Cronbach's α ¼ 0.74-0.94). Eye movements were recorded with a Tobii X3-120 stationary eye-tracking system [23] , operating with a sampling frequency of 120 Hz.
D. Data analysis methods
Between-group comparisons of the dependent variables are accomplished by analysis of variance (ANOVA). In addition, a multivariate analysis of variance (MANOVA) was performed. MANOVA is a generalized form of ANOVA but it includes all outcome variables together (instead of performing several ANOVAs) and uses the covariance between the outcome variables in testing the statistical significance of the mean differences [24] . Thus, the procedure accounts for intercorrelations between the variables, and also accounts for the error inflation caused by multiple testing. From raw gaze data, fixations and saccades were classified with an I-VT algorithm [25] . From these data, fixation or visit durations and number of fixations were obtained. To analyze the eye-tracking data during instruction reading (element 3), the following procedure was applied:
(1) Define specific rectangular areas of interest (AOIs) covering nonoverlapping areas on the instruction page, that are the problem definition, the strategy, the diagram, and the hint (see Fig. 3 ). To analyze the eye-tracking data during problem solving and transfer (elements 4 and 7), absolute saccadic angles between subsequent fixations were analyzed [6] .
III. RESULTS
A. Pretest and initial problem (elements 1 and 2)
The physics pretest contained three groups of items about vector decomposition, divergence concept, and curl concept; see Ref. [22] . Although the VC students achieved slightly better scores than NC students (see Table II ), the differences were not statistically significant. It is notable that the absolute scores are rather high, indicating sufficient prior knowledge of all students to understand the subsequent instruction. Furthermore, both groups of students scored similarly on the spatial ability test (Table II) . The initial vector field was presented with 4 alternatives (fzero; nonzerog × fdivergence; curlg) and a no-answer option which was chosen by 1 student. The correct alternative (zero divergence and nonzero curl) was recognized by 7 of 32 (22%) students (3 in later NC condition). Most students (47%) answered that the vector field had nonzero divergence and zero curl, and 12.5% of students chose the nonzero curl and nonzero divergence option. Students looked at the field plot for 15 s on average (with standard deviation SD ¼ 13.8 s), including 41.2 fixations (SD ¼ 29.9). The visual attention of the students was located on the center of the plot and the saccadic directions are broadly distributed over the angles with small peaks in 0°, 45°, 180°, and 270°directions (Fig. 4) .
B. Visual processing of the instruction page (element 3)
Average total visit duration of the instruction page was 106.8 seconds (range 55.7-242.2 s, SD ¼ 35.9 s), with no significant differences between the groups, p ¼ 0.17. There was no significant correlation between time spent with the instruction and any of the outcome measures. To analyze how students distributed their attention across the whole instruction-reading process, and whether the patterns of attention allocation differed between both groups, the gaze likelihood analysis was applied as described in Sec. II D. Figure 5 indicates that students read the instruction from the top to the bottom as it was intended: The definition received the most attention during the first time intervals, the hint during the last time intervals, and the strategy and diagram received most attention in intermediate time intervals. The statistical results of four repeated measures ANOVAS (2 × 10) are summarized in Table III. The analysis reveals significant within-subject effects with large effect sizes for all AOIs [Fð9; 270Þ > 4.3; p < 0.001; η 2 > 0.12]. Furthermore, a between-subjects effect concerning the visual attention on the graphical representation exists [Fð1;30Þ ¼ 3.9;p < 0.05;η 2 ¼ 0.11]. Planned contrasts and descriptive data analysis revealed that the graphical representation received more attention from students instructed with highlights. Moreover, interactions between the group and the time course was significant for the definition AOI, Fð9; 270Þ ¼ 2.20; p < 0.05; η 2 ¼ 0.07. To break down this two-way interaction, the interaction between time interval and group was analyzed for each time step in 9 ANOVAs. Repeated measures revealed that visual attention on the definition developed differently for students instructed with and without highlights between the first and the second time interval. That is, differences were only found in the beginning of the time course.
Next, transitions between the AOIs were counted for each student by generating a character string from the scan paths, where each character refers to a fixation in a specific AOI. After removing repetitions between two characters, the transitions between the elements were counted. Table IV presents the average transitions between the four elements per student, separated along the diagonal by the group condition. The direction of the transition was not taken into account, e.g., transitions from the definition to the strategy and from the strategy to the definition were aggregated. Obviously, we expect at least 1 transition between consecutive elements. The number of transitions involving the hint AOI does not exceed this number significantly, hence they can be neglected.
VC students performed more transitions overall than NC students (p < 0.001), particularly considering transitions between the strategy and diagram. The transitional behavior between these two elements was deeper analyzed by extracting the transition likelihoods over time. Figure 6 shows that students in both groups performed transitions at the same points in time, but the amount of transitions was thoroughly more pronounced for VC students. A 10 × 2 Table V presents the average values of students' performance, confidence, mental stress, and perceived quality of instruction measures by group. All values have a possible range between 0 and 1, where 1 represents perfect performance, highest confidence, high mental stress, and high quality of instruction, respectively. The criteria to treat the data sets as sufficiently normally distributed were met. Table VI in the Appendix presents the correlations between the measures. VC students achieved a higher problem-solving score and replied with higher confidence than NC students, resulting in significant between-group effects. Eight students in VC condition and 2 students in NC condition performed perfectly on all eight vector fields and 5 students scored 4 points or less (2 in VC condition). From previous studies, it is known that the polar distribution of saccadic angles of expertlike performers is highly symmetric with sharp peaks in the horizontal and the vertical directions and the distribution of the poor performers is broader [6] . Figure 7 in the Appendix shows the distributions on the test and on the item level.
Moreover, VC students experienced less mental stress (medium-sized effect) and judged the quality of instruction better. Since the outcome variables are intercorrelated (see Table VI in the Appendix), a multivariate analysis of variance was applied. There was a statistically significant main effect on the group factor (NC and VC students) for all response variables in the model, Fð6; 25Þ ¼ 3.02, p ¼ 0.023, η 2 p ¼ 0.42.
D. Transfer task: Interpretation of curl (period 2, elements 6 and 7)
After the completion of period 1, students were shown the definition of the curl operator next to a vector field plot without any visual cues and without instructional text. In average, a student in VC condition fixated on the equation for 19.2 s in total (SD ¼ 14.0), whereas NC students spent 13.8 s on it (SD ¼ 11.6). The difference is not significant, Fð1; 30Þ ¼ 1.40; p ¼ 0.25. Likewise, the difference in visual attention concerning the vector field plot was not significant, even though VC students spent in average about twice the time on it than NC students (17.6 AE 32.5 s vs 8.1 AE 5.2 s). Students' achievement in period 1 (divergence) and period 2 (curl) was highly correlated, r ¼ 0.69, p < 0.001. VC students outperformed NC students in terms of correct responses and higher confidences, see Table V . Seven students solved all eight items correctly (5 from the VC group) and 15 students answered no more than 4 items correctly (11 from the NC group). Again, the distribution of saccadic eye movements replicates previous findings, see Fig. 8 in the Appendix. In total, 54% of items were judged correctly concerning the presence of both divergence and curl. The VC students outperformed the NC students regarding this matched item score significantly (64% vs 44%, p < 0.001).
IV. DISCUSSION AND CONCLUSIONS
Despite students' high conceptual understanding of curl and divergence as measured by the pretest and almost perfect performance on vector-decomposition tasks prior to the experiment (see Table II ), most of them (78%) failed on the initial problem VF 0 without instructional support, confirming the results of previous studies in this field [3, 4, 10] . The most often chosen incorrect answers included a nonzero divergence statement (60%), meaning that students incorrectly believed that the vector field had a source or a sink. The tendency of students to give a false positive answer of this kind has also been observed in a previous eye-tracking study and was explained by the students' carelessness about the distinction between the direction of the arrows and the direction of their change [6] . This error likely arises from confusion between a primary quantity (the arrow in this case) and its derivative (the spatial change of the arrow). This has also been documented in another context [26] . The eyetracking data from the initial problem shed light on student's visual attention when they were confronted with the coordination task for the first time (Fig. 4) . Students paid most attention to the center of the plot, i.e., the region where the direction of the arrows is changing. The estimation of the field arrows is difficult in the center of the plot since the arrows are rather small. Thus, students' visual attention was guided by superficial characteristics of the representation rather than by conceptual thoughts and rigorous strategies. Additionally, most of the saccades followed the x direction, i.e., the direction of change. Taken together, the eye-tracking data support the explanation about students' confusion given above.
After instruction with or without visual cues, students' accuracy in judging the divergence and curl of vector field plots increased significantly compared to the initial problem. Hence, students successfully learned about the coordination between multiple representations with the instruction before they used them for problem solving.
Matched responses from both experimental periods yielded 54% accuracy, and single responses yielded 77% (divergence) and 69% accuracy (curl), respectively. These results underline the general need for instructional support concerning coordination of multiple representations in abstract concepts. Even though there is growing evidence that targeted instruction can improve the coordination of multiple representation [27, 28] , this competence has rarely been explicitly taught to students and tested as an intervention [29] , so this study contributes to this line of research. The acquisition of this competence is costly because it is cognitively demanding and requires instructional support [2] .
The instruction with visual cues included important information about vector decomposition and spatial information about partial derivatives-concepts that are crucial in the subject context. Even though the experimental condition included only this minor change (adding visual cues and emphasizing the text-graph connection), the overall effect on learning was immense. The betweengroup analysis provided in Table V showed that visual cues enhanced students visual understanding of divergence, that is, they were more likely to connect the equation to the field plot correctly and respond with higher confidence. The significant between-subject effects concerning the perception of task difficulty (mental stress) and instruction quality indicate that the visual hints, while increasing correct answers and response confidence on the divergence problem, furthermore facilitated students' learning. Since the instruction and hints were given in an explicit manner, one could argue that students were just good at following the steps provided by text and they made no meaning out of the strategy as they were solving the problems. The positive results on the transfer tasks (curl concept) without instructional support provide reasons against this view and support the conclusion that both groups grew in their conceptual understanding of the fields. Again, the group that was instructed with visual cues before also performed better on the transfer tasks and responded with higher confidence. Hence, we conclude that visual cues indeed made students' meaning for vector fields deeper. The results are in line with design principles of multimedia learning, that is, providing graphical representations with visual cues improves learning [30, 31] . Positive correlations between response accuracy and confidence have been reported in several studies [17] [18] [19] [20] , and the data from this study support these findings in the context of instruction-based learning.
The analysis of eye-tracking data during the reading process yielded that VC students spent more time on the vector field plot (diagram AOI) than NC students. There were no significant differences concerning visual attention on other parts of the instruction page that can be considered as a successful manipulation check, since only changes to the field plot were made. Furthermore, the time series of visual attention on the definition AOI, the strategy AOI, and the hint AOI look very similar (no meaningful interaction effects), indicating similar reading speeds of students in both conditions. While it is entirely intuitive that visual cues generate more attention on the visual representations, it was also found that VC students put in more effort to integrate the information from the diagram with information from the equation and the text. Extending previous eye-tracking analysis methods, we applied the transition likelihood analysis, making the occurrence of transitions visible over time. The results show that integration processes appeared in both groups at the same point in time but they were more pronounced for the students in the VC condition.
The eye-movement data during problem solving were analyzed using the saccadic direction analysis. We replicated a previous finding [6] that the best-performing students concentrated on horizontal and vertical eye movements and ignored oblique saccades. This holds for both experimental periods (divergence and curl). By comparing this result to the saccadic direction distributions related to the initial problem, we find that the instruction helped students develop a rigorous procedure for interpreting and determining divergence and curl rather than thinking about the common meaning of the words or causing other imperfect associations [3, 4, 10] .
As this study shows, making correct connections between mathematical concepts and graphical representations of vector fields is difficult for students, especially without instructional support. Given the importance of representational competence in physics learning and problem solving, we advocate incorporating qualitative exercises like those presented here into lectures or tutorials. The correct qualitative interpretation of the partial vector derivative is encouraged by using various examples and incorporation of visual cues, stressing the focus on horizontal and vertical directions. Once a complete visual understanding of the differential definitions is achieved, discussions of the local property of the operators can follow.
APPENDIX: ADDITIONAL DATA
The correlation matrix is shown in Table VI 
